High-pressure adsorption isotherms of hydrogen onto amorphous carbon mesotubes (ACMs) prepared from fluorine polymer and onto activated carbon fibres (ACFs) were measured at temperatures of 77, 196 and 303 K, respectively, at pressures up to 10 MPa. The adsorption isotherms for ACMs and ACFs at 77 K exhibited maxima at 1 MPa (8.0 wt%) and 4 MPa (3.7 wt%), respectively, although both isotherms at 303 K were of the Henry type and both amounts of hydrogen adsorbed at 8 MPa were less than 0.3 wt%. The maximum hydrogen adsorption amount for ACMs per unit micropore volume as determined by N 2 adsorption was 10-times larger than that for ACFs. ACMs are different from ACFs in that they are thought to have specific ultramicropores, although characterization using high-resolution transmission electron microscopy, X-ray photoelectron spectroscopy and Raman spectroscopy showed that they possessed a nanographitic structure similar to that of ACFs.
INTRODUCTION
The development of an efficient and safe hydrogen-storage system is seen as a key to establishing a sustainable society. To date, four types of hydrogen-storage methods have been mainly considered. These involve the use of compressed hydrogen, metal hydrides, physical adsorption using nanoporous materials and liquid hydrogen (Hermosilla-Lala et al. 2007 ). Storage of compressed hydrogen in tanks under pressures of up to 70 MPa is a method that can be applied to vehicles. However, for safety reasons, it would be desirable to effect high-density storage under less extreme conditions. In this regard, a number of alloys for hydrogen storage have been considered although such alloys have inherent issues, such as structural instability upon desorption, that precludes their practical application at present.
The storage of liquid hydrogen requires the use of a cryogenic system capable of maintaining the temperature at 20 K, which consumes a considerable amount of energy. Although storage by physical adsorption is promising, the critical temperature of hydrogen is 33 K and predominant physical adsorption of hydrogen is not easy at ambient conditions. Nanoporous carbon with a hexagonal network structure strongly interacts with hydrogen molecules and is thus a promising candidate for the storage of hydrogen by physical adsorption above liquid nitrogen temperatures (77 K) (Hermosilla-Lala et al. 2007; Lamari et al. 2002; Xu et al. 2007 ). In addition, recent investigations have shown that extremely high adsorptivity may be achieved in single wall carbon nanotubes (SWCNTs) due to the presence of impurities in the SWCNTs and/or in the hydrogen gas. Hence, hydrogen adsorption studies should be conducted using pure carbons and very pure hydrogen.
The present authors have reported that double-walled carbon nanotubes having relatively large intertube gaps exhibited higher adsorptivity towards supercritical hydrogen than SWCNTs ). In addition, the use of C 60 -pillared SWCNT bundles and the re-arrangement of the bundle structure was reported to enhance the adsorptivity quite remarkably (Arai et al. 2009; Kim et al. 2007 ). The concave face of a SWCNT has have been shown to exhibit higher hydrogen adsorptivity than the convex face (Yamamoto et al. 2011) . Theoretical studies have predicted a remarkable enhancement of supercritical hydrogen adsorption by single wall nanocarbons by metal doping or nano-structural fabrication (Ao and Peeters 2010; Assfour et al. 2011) . Thus, fundamental studies on the hydrogen adsorptivity of single wall nanocarbons continue to be important. However, at the same time, alternative carbon-based materials need to be investigated as superior adsorbents for supercritical hydrogen. Nishino et al. (2003) have reported the production of amorphous carbon mesotubes (ACMs) from fluorine polymer using iron as a catalyst and found that they exhibited a high adsorptivity for supercritical hydrogen at ambient temperature. Hattori et al. (2007) showed that defluorination enhanced the hydrogen adsorptivity of activated carbon fibres, possibly due to the formation of specific nano-structures. In the present study, we have characterized the physical properties of ACMs and examined the temperature dependence of their adsorptivities towards supercritical hydrogen.
EXPERIMENTAL
The ACMs were prepared from fluorine polymer employing an iron catalyst at 1173 K. The purity of the ACMs was evaluated by thermogravimetric analysis in O 2 , the residue after burning up to 1073 K being found to contain only 1.3 wt% iron oxide. The microstructure of the ACMs was investigated using high-resolution transmission electron microscopy (TEM) employing a JEOL JEM4000FX II instrument. The surface chemical composition was examined using X-ray photoelectron spectroscopy (XPS) employing a JEOL JPS-9010MX instrument. The graphitic structure was investigated by X-ray diffraction (XRD) using a Rigaku RINT/TTRII instrument in conjunction with Mo Kα radiation. Raman spectra were measured using a laser Raman spectrometer (NRS-2100, JASCO) with an excitation laser wavelength of 514.53 nm and a resolution of 4 cm -1 .
The nitrogen adsorption isotherms were measured at 77 K after pre-evacuation of the ACM samples at 423 K and 623 K for 2 h. The particle density of the ACM samples was measured using the high-pressure helium bouyancy method (Kaneko et al. 1992; Noguchi et al. 2007 ) up to 6 MPa after pre-evacuation at 623 K for 2 h. High-pressure hydrogen adsorption isotherms of the ACM samples were measured at 77, 196 and 303 K up to a pressure of 11 MPa after pre-evacuation at 623 K for 2 h using highly pure hydrogen gas (99.99999%, Nippon Sanso). Figure 1 shows TEM images of an ACM taken at two different magnifications. The ACM had a tubular structure with a diameter of 50-80 nm and a wall thickness of 5-10 nm. Pitch-based activated carbon fibre (ACF) was used for comparison of the hydrogen adsorptivity, the average pore width determined by nitrogen adsorption measurements being 1.3 nm. It can be seen from Figure 1 that the walls of the ACM appears to contain disordered nano-structures which are often observed in TEM images of activated carbon. The meso-scale tubes did not form bundles such as those observed for carbon nanotubes Jorio et al. 2008 ), but the tubes were partially aggregated with each other.
RESULTS AND DISCUSSION

Morphological and nanographitic structures
The atomic structure of the ACM tube walls was investigated using XRD methods, the resulting diffraction pattern being found to be very broad (see Figure 1S on p. 828). From an application of the Scherrer equation, it was found that the stacking height, L C , and the d 002 spacing were 1.1 nm and 0.382 nm, respectively. Hence, the tube walls consist of nano-scale graphitic units similar to ordinary activated carbons (Marsh et al. 2006; Kaneko et al. 1991 ). Figure 2 overleaf shows the Raman spectrum of the ACM. The D and G bands of the spectrum occur at 1330 and 1595 cm -1 , respectively, with an intensity ratio of 0.97 which is close to that for ACFs (Lei et al. 2006 ). Hence, the ACM contained nanographitic units in its structure which are similar to those in ACFs.
The "noisiness" of the XRD pattern precluded the use of the Scherrer equation for determining the crystallite size, L a . However, it has recently been shown that L a is related to the intensity ratio (I D /I G ) of the D and G bands in the Raman spectrum as expressed by equation (1) spaces that were relatively broad but with widths of only ca. 1 nm -as will be shown later when the nitrogen isotherms are discussed. It is probable that the graphene sheet structure of the ACM was slightly wrinkled or had a patchwork structure of point defects which were 8 nm in breadth. Figure 3 overleaf shows the C1s XPS spectra of ACM and pitch-based ACF. It will be seen that the ACM spectrum had a broader C1s peak with a shoulder above 285 eV. The C1s peak for the ACM was very close to that for the ACF which contained micropores with an average width of 1.1 nm and a smaller amount of the surface functional groups of cellulose-and polyacrylonitrilebased ACFs. The C1s XPS spectra were deconvoluted assuming the following valence states of carbon: C=C at 284.5 eV, C-C at 285.5 eV, C-O at 286.1 eV, C=O at 287.0 eV and COO-at 289.0 eV (Kaneko et al. 1995; Takahagi and Ishitani 1984; Utsumi et al. 2007) , as shown in Figure 4 overleaf. The experimental peak could be well matched by this fitting procedure. Thus, the ACM possessed surface functional groups similar to ordinary microporous carbon. The O1s and Cl2p XPS peaks were relatively weak (see Figure 2S on p. 828 and Figure 3S on p. 829, respectively) and no XPS peak due to Fe was detected. This agrees with a previous report by Nishino et al. (2003) that the Cl and Fe contents were 2.6 wt% and 0.6 wt%, respectively. Figure 5 below shows a high-pressure helium bouyancy plot for ACM. The sample weight decreases linearly with increasing helium pressure due to the bouyancy and the slope of the linear plot yields the particle density Noguchi et al. 2007 ). The particle density obtained from the plot was 2.08 ± 0.05 g/cm 3 , which is close to that for graphite (2.27 g/cm 3 ) regardless of the lower degree of crystallinity. According to previous work ], the particle density for pitch-based ACFs with different porosities is in the range of 1.9 to 2.2 g/cm 3 . Hence, the ACM particle density is also close to that for ACFs, which implies that the nanographitic units that make up the tube walls have a quite dense structure. The fact that the plot in Figure 5 passes through the origin indicates that He is not adsorbed in the micropores, which is different from the situation with ACFs, where helium is slightly adsorbed into the wedge-shaped pores of the adsorbent. This leads to the conclusion that ACMs do not have wedge-shaped pores, but uniform slit-shaped pores instead. Figure 6 overleaf shows the nitrogen adsorption isotherm onto ACM at 77 K. It will be seen that the isotherm exhibited both a sharp initial uptake and an explicit IUPAC H3-type adsorption hysteresis, which again suggests the presence of slit-shaped mesopores. The closure point of the hysteresis loop occurred at P/P 0 = 0.47, which is slightly higher than the universal closure point at P/P 0 = 0.42 associated with the limit of condensate stability. The nitrogen adsorption isotherm was analyzed using the BET and the Dubinin-Radushkevich (DR) isotherm equations, with the subtracting pore effect (SPE) (Kaneko et al. 1992 (Kaneko et al. , 1994 plots being employed in addition. Table  1 summarizes the pore structural parameters thereby obtained. As a consequence of overestimation due to enhanced adsorption in the micropores, the value of the BET surface area exceeded that determined by the SPE plot by 100 m 2 /g. ACM exhibited a quite large external surface area of 400 m 2 /g due to its mesotube structure. The average micropore width is 1.3 nm, which is an unsuitable value for the adsorption of supercritical hydrogen. Application of the Dollimore-Heal (DH) method using the Kelvin equation for the desorption branch led to a mesopore width of 2.1 nm. Since the type of the hysteresis loop suggests the presence of slitshaped mesopores, this could indicate the formation of an assembly-type structure for the mesotubes, with the interstices among the assembly being approximated by slit-shaped mesopores of 2.1 nm in width.
Nanopore structures
Temperature dependence of ACM adsorptivity for supercritical hydrogen Figure 7 shows the hydrogen adsorption isotherms for ACM at 77, 196 and 303 K, respectively. It can be seen that the amount of adsorption increased with decreasing temperature. The adsorption isotherm at 77 K has a very steep uptake reaching a maximum at 1 MPa. This maximum value was ca. 8 wt% regardless of the small micropore volume. This indicates the presence of narrow micropores whose width was less than the hydrogen molecule bilayer thickness. As a consequence, it is unlikely that the pore volume can be evaluated accurately via nitrogen adsorption experiments at 77 K. The amount of hydrogen adsorbed per unit micropore volume at 77 K was 420 mg/m .
In comparison, Figure 8 shows the hydrogen adsorption isotherm for ACF (surface area, 1600 m 2 /g; pore volume, 0.89 m /g; average pore width, 1.3 nm). At 77 K, a maximum adsorption of just 3.7 wt% occurred at ca. 4 MPa, despite the fact that the average pore width was similar to that for ACM and the micropore volume was larger. In this case, the amount of hydrogen adsorbed per unit micropore volume was 42 mg/m , which is much smaller than that for ACM. Thus, the adsorptivity of ACM for supercritical hydrogen was excellent in comparison to ACF, which is a typical activated carbon material. Assuming that the adsorbed hydrogen layer exhibited a liquid density at 20 K, the volume of narrow micropores determined by hydrogen adsorption was estimated as 1.1 m /g, which is much larger than the value of 0.19 m /g determined by nitrogen adsorption. As the helium atom is smaller than a hydrogen molecule (Lennard-Jones size parameters: He; 0.257 nm, H 2 ; 0.2959 nm, N 2 ; 0.385 nm) (Hirschfelder et al. 1963) , ACM would be expected to contain narrow micropores which would be incapable of evaluation by nitrogen adsorption. This does not conflict with the particle density results obtained by high-pressure helium buoyancy measurements, because the helium atom can access all narrow micropores. In addition, at a temperature of 77 K, hydrogen exhibits a quantum nature and its effective molecular size is larger than the classical one , Noguchi et al. 2010 .
Regarding the adsorbed hydrogen layer as a condensed phase allows the Clapeyron-Clausius relationship to be applied to the temperature dependence of hydrogen adsorption at relatively low pressures. This avoids the large discrepancy from the absolute amount adsorbed (Murata et al. 2001 ) and yields the isosteric heat of adsorption. The isosteric heat of adsorption for a fractional filling of less than 0.06 was 6 kJ/mol, which is much larger than the enthalpy of condensation at 20 K (0.904 kJ/mol). The observed value of 6 kJ/mol corresponds to the calculated value for a pore width of 0.7 nm using Grand Canonical Monte Carlo (GCMC) simulations (Kowalczyk et al. 2005) . Since there are serious difficulties with pore structure evaluation using nitrogen adsorption for ultramicropores with widths of less than 0.7 nm (Kobori et al. 2009 ), the estimated pore width of 0.7 nm for ACM is plausible.
CONCLUSIONS
ACM prepared from fluorine polymer contains unique ultramicropores and is a promising hydrogen adsorbent. Further work is needed to clarify the carbon framework in the mesotube walls in order to design a better adsorbent for supercritical hydrogen. 
